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Introduction
Many studies have been conducted on the aerodynamics of sports balls including golf (Bearman and Harvey, 1976; Smits and Ogg, 2004) , cricket (Mehta et al., 1983) , tennis (Haake et al., 2000; Mehta and Pallis, 2001) , baseball (Watts and Ferrer, 1987) , rugby balls (Seo et al., 2004) and soccer balls (Asai et al., 2007) . Mehta (1985) carried out the first proper review of sports ball aerodynamics by covering in depth the sports of cricket, golf and baseball. Mehta (1985) discussed that the drag on a ball was dominated by the size and deflection of the wake. However, there have been few such studies on volley balls (Wei et al., 1988; Cairns, 2004) . Specifications for volleyballs are determined by the Fédération Internationale de Volleyball (FIVB).
New volleyballs that meet these specifications are being routinely manufactured and are used in competitions and other places where the sport is played. However, the aerodynamic characteristics of these newly manufactured volleyballs have not been clarified.
The purpose of this study is to analyze the basic aerodynamic characteristics of conventional volleyballs and new volleyballs by using a wind tunnel. Furthermore, we used an impact-type ball ejection device to measure the values of the coordinates of the point at which the ball lands near the critical Reynolds regime (Re = 220,000).
Thus, we were able to examine the aerodynamic instability at that speed range.
Methods

Wind tunnel test
Three full-size FIVB official volley balls were used to determine the aerodynamic forces acting on each ball in a low-speed wind tunnel with a 0.7 m × 0.7 m rectangular cross-section area (turbulence level ≤ 1%). The tested volleyballs were one conventional type volleyball (molten MTV5SLIT) and two new type volleyballs (molten V5M5000 and mikasa MVA200) (Figure 1 ). The surface of the conventional volleyball is relatively flat (Figure 1a) , the molten V5M5000 has a small honeycombed protrusion design (Figure 1b) , and the mikasa MVA200 has small dimples similar to those on a golf ball (Figure 1c 
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In the above equations, ρ is the density of air (1.2 kg/m 3 ), U is the flow velocity (m/s), and A is the projected area (m 2 ) of the volleyball.
The aerodynamic instability test using an impact-type ball ejection device
We examined the aerodynamic instability of the volleyball near the critical Reynolds regime; we used an impact-type ball ejection device ( 
Results and Discussion
Drag coefficient and Lift coefficient
On the basis of these experiments, we found that the critical Reynolds number for conventional volleyball (molten MTV5SLIT) was approximately 270,000, that for the new volleyball (honeycomb type: molten V5M5000) was approximately 220,000 and for the new volleyball (dimple type: Mikasa MVA200) was approximately 310,000
The Reynolds number of the new honeycomb type volleyball (molten V5M5000) was slightly lower than the conventional volleyball ( Figure 5 ). Furthermore, the critical 
Comparing the deviation between the coordinate values at the landing point
The impact ( 
